Aspects of the reproductive biology of the waratah Telopea speciosissima R.Br. were studied under controlled conditions using large, pot-grown plants. One to 2 d prior to perianth opening, anthers dehisced in a circle of clumps onto the pollen presenter around the oval stigmatic groove (pollination chamber). This deposition pattern may lead to a degree of autogamous pollination. Pollen viability, measured by fluorescence microscopy (fluorescein diacetate), was at a maximum of 90% at perianth opening, decreasing to less than 50% after 8 d. Some viable pollen (ca. 10%) was detected up to 19 d after perianth opening. The timing of stigma receptivity was determined by esterase activity, by examination of pollen-tube growth using fluorescence microscopy, and by visual inspection of the stigma using SEM. The stigma was receptive at perianth opening and up to ca. 9 d after. Although peak stigma receptivity occurred at 2 d and up to 7 d postperianth opening, this species may be considered only weakly protandrous and essentially homogamous, as pollen was generally viable throughout the entire period. Two days following self-or cross-pollination, pollen tubes had grown through the pollination chamber and could be seen just entering the upper style. By 8 d, some pollen tubes were observed in the ovary area in self-and cross-pollen treatments. Proportionally, more cross-pollinated pistils had pollen tubes growing through to the ovary than self-pollinated pistils. Manual pollen removal resulted in greater growth of self-pollen tubes when compared with self-pollen that was left intact on the flower. This indicates that either the stigma was stimulated by pollen removal or that pollen was pushed down into the stigmatic groove into closer contact with stigmatic surfaces. Despite the presence of pollen tubes in all parts of the pistil and the early growth of a small number of fruits in self-pollinated treatments, only cross-pollinated treatments resulted in mature fruits containing viable seeds. This evidence confirms late-acting gametophytically controlled self-incompatibility as the main nonvector mechanism for outbreeding in this species.
Introduction
The waratah Telopea speciosissima R.Br. (family Proteaceae) occurs on the eastern seaboard of Australia around the Sydney region. It is cultivated by the cut-flower industry for its spectacular inflorescences that are generally red. Each inflorescence is comprised of 200-250 flowers subtended by floral bracts. Several studies have investigated the processes following pollination through to fruit set in wild populations of T. speciosissima (Whelan and Goldingay 1989; Goldingay and Whelan 1993; Goldingay 2000) . They, along with the review by Goldingay and Carthew (1998) , outline the basic parameters for breeding in T. speciosissima and highlight the need for further research on the Proteaceae per se. Among the deficiencies in the literature on the Proteaceae is the lack of knowledge of the pollen biology and timing of stigma receptivity.
In waratahs and other Proteaceae, anthers dehisce prior to perianth opening (generally 1 d prior), and pollen is deposited onto a specialized region of the style, the pollen presenter (Howell et al. 1993) . The long-held view is that most Proteaceae species are protandrous. It is presumed that autogamous pollen is removed by the time of receptivity, lessening the chances of self-pollination and increasing the chances of outbreeding (Carolin 1961) . Goldingay and Carthew (1998) point out some confusion in the determination of protandry in Proteaceae, that in some species stigmas may be receptive at perianth opening and that autogamy may be avoided in other ways. For example, in some species pollen may be deposited over the region of the stigmatic groove (Ladd et al. 1996) , but often the narrowness of the stigmatic groove limits access to the stigmatic surfaces prior to pollinator disturbance (Matthews et al. 1999) . Alternatively, selfpollen is placed well away from the stigma (Ladd et al. 1998) . Stigmatic structures may be complex; for example, there may be cellular outgrowths that prevent contact of self-pollen and the stigmatic surface until disturbance by pollinators (Ladd et al. 1998) . Inconsistencies in the literature bring into question the nature of protandry in the Proteaceae that have been studied. The timing of stigma receptivity is variable and needs to be closely observed. For example, in Banksia prionotes peak stigma receptivity occurs in the first 24 h following 1 E-mail cathy.offord@rbgsyd.nsw.gov.au. presentation (Collins and Spice 1986) , and it may not be protandrous at all (Goldingay and Carthew 1998) , while in Macadamia there may be partial receptivity at presentation, but the peak time is not for some days after (Sedgley 1983) .
Proteaceae species generally have a very low mature fruitto-flower ratio, in the range 0.001-0.163 (Collins and Rebelo 1987) , and there are many factors that appear to contribute to this phenomenon (Goldingay and Carthew 1998) . Pollen limitation is one known cause of low fruit set in Proteaceae. In natural populations of T. speciosissima, fruit set may be pollen limited in some years and not in others (Whelan and Goldingay 1989; Goldingay 2000) , but fruit set remains low regardless. Self-pollen retention is considered one of the factors involved in pollen limitation but, as early removal did not increase fruit set in a natural population, Goldingay (2000) suggests the need for a systematic approach to the study of pollen limitation in the Proteaceae. It is well known that the viability of pollen decreases with age (Smith-Huerta and Vasek 1984) , and in one Proteaceae species, Banksia menziesii, pollen was viable for only 24 h . Despite the importance of pollen viability as a cause of pollen limitation and low fruit set, it has received little attention in Proteaceae research and has not been addressed at all in Telopea.
Self-incompatibility of T. speciosissima has been observed in studies of pollen and/or fruit set following manual selfpollination (Whelan and Goldingay 1989; Goldingay and Whelan 1993) . It has also been observed in many other Proteaceae, including Banksia spp. (Paton and Turner 1985; Vaughton 1988; Goldingay and Whelan 1990; Goldingay et al. 1991; Vaughton and Ramsey 1991; Day et al. 1997) , Grevillea spp. (Vaughton 1995; Hermanutz et al. 1998; Kalinganire et al. 2001) , and Macadamia integrifolia (Sedgley 1983; Sedgley et al. 1985) . Rejection of self-pollen in T. speciosissima may be primarily at the level of the stigma, although some pollen tubes were observed entering the ovary (Goldingay and Whelan 1993) . This, along with the pattern of early fruit initiation and development followed by abortion in self-pollinated T. speciosissima flowers (Whelan and Goldingay 1989; Goldingay and Whelan 1993) , indicates a late-acting incompatibility system (Seavey and Bawa 1986; Wiens et al. 1987) .
In this study, I examine the sequence of flower opening, pollen viability, and stigma receptivity in order to determine the status of protandry in this species. Additionally, controlled experiments on self-pollination were conducted in cultivated T. speciosissima to further advance the knowledge of the breeding system of this species, especially in relation to low fruit set.
Material and Methods

Plants
Observations and manipulations were conducted in a cultivated waratah population consisting of several hundred 7-yrold vegetatively propagated accessions in the nursery of Mount Annan Botanic Garden (34°059S, 150°479E). Each accession consisted of a number of genetically identical plants of one cultivar. All pollination manipulations were conducted in spring (September and October), the main flowering season for waratah in the Sydney region. The average daily temperature range within the growing area was 16°-25°C during this period. The plants were growing in 20-L pots of peat and sand (1 : 2 v/v) under 50% shadecloth; they were watered daily and fertilized twice yearly with Nutricote Total (Yates, Australia; NPK 16 : 4.4 : 8.3, (4) (5) (6) . These conditions are considered optimal for the growth of the species (Offord 1996) and represent experimental conditions that provided the least amount of environmental stress on the plants, especially during the critical flower and fruit development periods. The main floral visitors observed during the experimental period were birds, primarily noisy miners (Manorina melanocephala), and secondary visitors were a variety of bees. Unless stated otherwise, in all experiments pollinators were excluded by enclosing the entire bloom in a ''breathable'' paper bag (Paper-plus, Glad, Australia Pty Ltd) from before the commencement of flower opening through the early formation of fruit. The bags were protected from overhead watering so that they did not collapse and, during the flowering period, were removed only for the purpose of manipulation of the flowers. Bags were removed altogether once newly set fruits were obvious on treated flowers on the inflorescence.
Sequence of Flower Opening
Flowers on a number of plants of different cultivars (several plants per cultivar) were observed daily in order to describe the sequence of events during flower maturation from 2 d before to up to 12 d after perianth opening.
Timing of Pollen Viability
Pollen from T. speciosissima inflorescences was tested for viability over time to determine the longevity of pollen in situ. Grains of pollen from bagged inflorescences on three plants from each of four cultivars were collected into microtubes at daily intervals commencing 5 d before until 20 d after perianth opening. Plants were grown in a shadehouse with an average daily maximum of 25°C and a minimum of 16°C. There were 12 replicates per sampling time (one sample from each plant). Pollen viability was determined for each sample by staining the freshly collected pollen with fluorescein diacetate for 30 min (Heslop-Harrison and HeslopHarrison 1970; O'Brien and McCully 1981; Offord 2001) and determining the average proportion of stained to unstained pollen grains across three randomly selected fields of view using an Olympus fluorescence microscope.
Timing of Stigma Receptivity
Flowers on three bagged inflorescences on separate plants of each of two cultivars (cv. Sunflare and cv. Sunburst syn. cv. Olympic Flame) were used to examine the following:
Esterase activity. Stigmas were stained for esterase activity at intervals before and after perianth opening using the techniques of Pearse (1972) and Mattson et al. (1974) ; i.e., 10 mg a-naphthyl acetate was dissolved in 0.25 mL acetone to which was added 20 mL 0.1 M sodium PO 4 buffer (pH 7.4) and shaken until clear. Fast Blue B salt (50 mg) was added, and the solution was filtered onto stigmas from which pollen had been removed. The degree of reaction (i.e., 0 ¼ none, 1 ¼ slight staining, 2 ¼ stain more obvious than in 1, 3 ¼ stain covers at least 50% of stigmatic area, 4 ¼ stain 74 covers nearly all of stigmatic area, 5 ¼ stigmatic surface black) was recorded after observation with a dissecting microscope. There were five replicate pistils per cultivar for each observation time.
Pollen germination. Pollen was removed manually from flowers (if it was present), and stigmas of the two cultivars were then reciprocally manually pollinated with 1-d-old pollen. Flowers from each inflorescence were pollinated at intervals of 1 or 2 d before and after perianth opening. 24 h after pollination, pistils were excised with a scalpel. Pollen germination was observed by the techniques of Martin (1959) . Pistils were fixed in ethanol : acetic acid (3 : 1) for 2 h and stored at 5°C in 70% ethanol. Stigmatic surfaces were placed in decolorized aniline blue solution (0.05% w/v) in 0.067 M PO 4 buffer (pH 8.5). The number of pollen tubes within the stigmatic groove was determined by fluorescence microscopy. There were five replicate pistils per cultivar examined at each observation time.
SEM to examine the appearance of the stigmatic groove. Pistils were harvested at 1-or 2-d intervals before and after perianth opening. No pollination manipulations were performed on the flowers examined. Pistils were fixed in 3% glutaraldehyde in phosphate buffer (pH 7) for 24 h, dehydrated through an ethanol series (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%) for at least 15 min each step with storage at 70% for several days, twice rinsed in distilled water, critical-point dried (Biorad E3100), and sputter-coated (Dynavac SC100M). SEMs were generated using a Cambridge S360 SEM at 15 kV. There were four replicate pistils of each cultivar for each sampling time.
Examination of Breeding System
Previous studies on self-incompatibility of Telopea speciosissima were conducted in wild populations (Whelan and Goldingay 1989; Goldingay and Whelan 1993; Goldingay 2000) . The current series of experiments was designed to generate information regarding the breeding system of T. speciosissima under controlled conditions, thus minimizing confounding field factors such as water and nutritional stress. Using the results obtained in the earlier part of this study on flower maturation, including pollen viability and stigma receptivity, the first experiment in this section was conducted to obtain an indication of the rate of growth of pollen tubes and whether there were differences between cross-and selfpollen growth. The second experiment used information on pollen-tube growth and was conducted to determine how pollen source (self-autogamous or geitonogamous; crossxenogamous) and pollination treatment (self-pollen removed versus self-pollen not removed) affected pollen-tube growth in the pistil. Additionally, pod set through to seed maturity was observed.
Experiment 1. Following self-pollen removal from the pollen presenter, cross-cultivar and same-cultivar pollen from newly opened flowers of donor plants was applied to recipient flowers that had been open for 1 to 2 d to ensure maximum stigma receptivity. This process continued from the first to the last day of flowering in individual inflorescences. The same-cultivar pollen source treatment was applied to all flowers on one half of an inflorescence. The cross-pollination treatment was applied to the other half, with the two halves separated by electrical wire and appropriately labeled. A total of 12 individual inflorescences was used from three plants from each of four cultivars. Self-and cross-pollinated pistils were excized from each inflorescence in equal numbers 2 and 8 d after pollination. There were 20 pistils sampled from each treatment at each time, evenly distributed across the cultivars. The pistils were examined for pollen-tube growth by fluorescence microscopy as previously described. To facilitate easier viewing of the pollen tubes in the style, pistils were softened in 1 M NaOH (for 2 h) at 25°C and then cut longitudinally with a scalpel. The numbers of pollen tubes in different parts of the pistil were recorded.
Experiment 2. Inflorescences on five separate plants of each of four different cultivars (20 inflorescences total) were bagged prior to first flower opening with the exception of treatment five. Individual treatments were applied to all flowers on one inflorescence of each cultivar 2 d after perianth opening. Pollination treatments were as follows: (1) control-pollen removed manually; (2) autogamy-self-pollen not removed; (3) geitonogamy-self-pollen removed, hand pollinated from a flower of the same cultivar; (4) xenogamy-self-pollen removed, manually cross-pollinated with mixed pollen from the other cultivars; (5) open-left to be pollinated by birds visiting from unbagged flowers in the adjacent cultivar population.
Pistils from treatments one to four were excised 8 d after pollination. The number of pollen tubes growing in various parts of the pistil was observed by fluorescence microscopy. There were 20 replicate pistils per treatment sampled from each inflorescence. The number of fruits developing from the remaining treated flowers on the inflorescence was recorded 1 and 6 mo after pollination. Viability of mature seeds was confirmed by germination (Offord 1996) .
Statistical Analysis
Separate ANOVA tests were performed on the results of the experiments on pollen viability, esterase activity, early pollentube growth, and breeding system experiments (pollen-tube numbers). Where appropriate, data were transformed. For example, in the breeding system experiments, count data with small whole numbers, which follows a Poisson distribution, were normalized by a square root (x þ 1=2) transformation. Treatment means were compared by LSD (Steele and Torrie 1980) . When analyzing pollen-tube numbers, pistils without pollen tubes were excluded. x 2 analysis was performed on proportional data in the breeding system experiments. Analysis was performed using SYSTAT version 7.0 (SPSS, Chicago). Untransformed data is presented in the tables and graphs.
Results
Sequence of Flower Opening
Waratah pistils emerged from the split perianth sheath following anther dehiscence ( fig. 1 ). The perianth lobes were fully reflexed by day 4 after perianth opening (day 0), and at ca. day 8 the perianth was shed. Pollen dehisced from the anthers 1 to 2 d prior to perianth opening and was deposited 75 OFFORD-REPRODUCTIVE BIOLOGY OF TELOPEA SPECIOSISSIMA in clumps around the oval stigmatic groove for pollen presentation ( fig. 2 ). It should be noted that a relatively small amount of self-pollen was evident within the stigmatic groove at the time of perianth opening.
Timing of Pollen Viability
Pollen viability was 50% 2 d before perianth opening and had reached maximum viability (87%) at the time of and just prior (<1 d) to perianth opening ( fig. 3) . The viability declined to ca. 50% by day 6 and 30% by day 10. By day 19, only ca. 10% of pollen was viable, after which viability was not detected.
Timing of Stigma Receptivity
The three techniques used to examine stigma receptivity of Telopea speciosissima strongly indicated that the stigma was receptive for a long period from around the time of perianth opening. Receptivity appeared to decrease by ca. 7 d after Esterase activity. There were highly significant differences in the stigmatic esterase activity over a 16-d period (tables 1, 2). By this measure, stigmas appeared to be receptive from the first day of and up to 9 d after perianth opening, with significantly lesser esterase activity ratings before and after this period (tables 1, 2). Peak esterase activity was at ca. days 2-7 following perianth opening.
Pollen-tube growth. Pollen germination and tube growth in the stigmatic groove (tables 1, 2; fig. 4 ) indicated that receptivity began at or possibly just before perianth opening with pollen-tube numbers declining after day four, although not significantly different from the number of pollen grains germinating following pollination at day eight. Because of the variability in the data, no significant difference between the treatments was detected, indicating the need for much greater replication and a longer sampling period to further determine the usefulness of this technique as an indicator of stigma receptivity in this species.
SEM. The pollen presenter of the waratah consists of a curved, slender lower style with a slightly wider dorsoventrally flattened upper style bearing a longitudinal stigmatic groove ( fig. 5) . The entry to the groove and the groove itself, which acts as a pollination chamber, was densely papillose. The changes in the appearance of the stigmatic groove over the observation period were consistent with the esterase and pollen-tube data. At 2 d prior to perianth opening ( fig. 5A ), no pollen grains were present on the stigma, indicating that anthers had not yet dehisced. At perianth opening ( fig. 5B) , the presence of pollen grains adhering around the pollen presenter and on protruding papillae showed that pollen had been shed prior to flower opening. This pattern differed from that observed in figure 2, as pollen was disturbed from the fixation process and may be similar to the effect of bird visitation in that lumps of self-pollen had lodged in the stigmatic groove. Soon after perianth opening (24-48 h; fig. 5C ), an exudate was visible, which continued to be produced until day 6. At 6 d postperianth opening ( fig. 5D ), some germinating self-pollen grains were observed. At 10 d after perianth opening, stigmatic papillae began to look withered, and at day 14 the stigmatic groove began to close.
Examination of Breeding System
Pollen tubes were observed in all regions of the pistil; however, it was difficult to visualize the pollen tubes around the ovary area, especially in the more mature styles. For this reason, the figures given in tables 3 and 4 are the relative number of tubes seen, and the actual number may have been higher. As an indicator of the relative effectiveness of the pollination treatments, the proportions of pistils pollinated in Note. Means within columns sharing the same letter do not differ significantly. Esterase activity rating: 0 ¼ none, 1 ¼ slight staining, 2 ¼ stain more obvious than in 1, 3 ¼ stain covers at least 50% of stigmatic area, 4 ¼ stain covers nearly all of stigmatic area, 5 ¼ stigmatic surface black. OFFORD-REPRODUCTIVE BIOLOGY OF TELOPEA SPECIOSISSIMA which pollen tubes were observed to be growing are included in the tables.
Experiment 1. The greatest number of pollen tubes was observed in the stigmatic groove, and the number of tubes observed decreased down the style ( fig. 6 ; tables 3, 4). No significant differences were observed in any of the treatments with the exception of a greater number of pollen tubes observed in midpistil and ovary regions after 8 d when compared with 2 d (P < 0:05). Pollen tubes were not observed in the ovary area at all at the 2-d observation. These results indicate that pollen tubes take more than 2 d to reach the ovary and that pollen may take more than 2 d to germinate. Also, the speed of growth of some pollen tubes may be faster than others. The proportion of pistils with germinating pollen tubes showed a pattern generally consistent with the pollen-tube number data. The x 2 values for the upper-pistil, midpistil, and ovary areas showed that there was a significant difference between the treatments for this value (P < 0:001) but not in the stigmatic groove area. At the 8-d observation, there were 68%, 77%, 36%, and 25% of pistils with pollen tubes in the stigmatic groove, upper-pistil, midpistil, and ovary, respectively, in the cross-pollinated treatment compared with 56%, 28%, 6%, and 6% in the corresponding areas in the self-pollinated treatment. These results indicate that self-pollen-tube growth was mainly arrested at the upper end of the pistil; nevertheless, some self-fertilization could have taken place. Experiment 2. Table 5 summarizes the effects of a range of pollination treatments on pollen-tube growth within the pistil. The least pollen-tube growth was found in the autogamous treatment. There were few significant differences in the numbers of pollen tubes observed between the other three treatments. The number of tubes entering the style was significantly greater in the geitonogamous treatment than in the control treatment in which self-pollen was removed but none was applied. The x 2 value for the proportion of pistils with pollen tubes observed in the upper-pistil, midpistil, and ovary areas showed that there was a significant difference between the treatments (P < 0:001) but not within the stigmatic groove. The xenogamous treatment had the highest proportion of pollen tubes growing through different parts of the pistils, while the autogamous (pollen left intact) treatment had the lowest.
Mature fruit set (fruits containing viable seeds) occurred only in the ''cross-pollinated'' treatments (treatments four and five; table 6). Some initial fruit set indicates that ovules may have been fertilized in the self-pollinated treatments (1-3; table 6), and this is supported by the presence of self-pollen tubes in the ovary areas (table 5). The data indicates that a small amount of self-pollen that initially fertilized ovules and fruit began to grow but aborted at some later point.
Discussion
This study identifies the timing and nature of events leading to the development of mature fruit in Telopea speciosissima that helps to further understand previous observations of (Whelan and Goldingay 1989; Goldingay and Whelan 1993; Goldingay 2000) .
INTERNATIONAL JOURNAL OF PLANT SCIENCES this species in wild populations
Pollen Presentation and Stigmatic Access
Pollen presentation in Telopea is typical of most Proteaceae in that it favors the removal by pollinators of pollen deposited at anthesis, but the anatomy and morphology of the presentation region is relatively less complex than in many other species (Ladd et al. 1996; Ladd et al. 1998; Matthews et al. 1999) and may result in a degree of autogamous pollination. In T. speciosissima and other members of the tribe Embothrieae, which lack spiral-walled cells (specialized cells arising from the stigma that prevent contact between selfpollen and the stigma), pollen is mainly deposited adjacent to, rather than directly over, the stigma at anthesis (Ladd et al. 1998) . The waratah has an open, exposed stigmatic groove that can accommodate many hundreds of pollen grains, thereby conferring a high stigmatic access capacity, unlike some arid-climate species of Proteaceae that have groove widths that allow very limited access to the stigma (Matthews et al. 1999 ). Considering the proximity of self-pollen deposits and the likelihood of dislodgement of pollen into the adjacent wide stigmatic groove, self-pollination is likely to be very frequently occurring in this species.
Stigma Receptivity and Pollen Viability
Telopea speciosissima is at least partially receptive at perianth opening and attains full receptivity within 24 h. The long period of stigma receptivity, up to ca. 9 d from perianth opening, coincides with a long period of high-pollen viability (0) 5 (25) Note. The percentage of flowers in which pollen tubes were observed is in parentheses.
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OFFORD-REPRODUCTIVE BIOLOGY OF TELOPEA SPECIOSISSIMA (>40% for 2 d before to ca. 8 d after, perianth opening). In the field, ca. 60% of T. speciosissima self-pollen may be retained for many days after perianth opening (Pyke and Paton 1983) . The waratah stigma may therefore be past receptivity before pollinators remove self-pollen, and self-pollen may have already begun to germinate by the time cross-pollen is deposited. Evidence from this current study, especially table 5, shows that there may be some self-pollination in undisturbed flowers but that self-pollination is greater when pollen is removed, possibly because self-pollen is forced down into contact with the stigmatic groove.
Pollen Limitation
Pollen limitation is a rather broad term describing the lack of or inability of pollen to effect successful fertilization of an ovum. It is useful then to differentiate the types of pollen limitation in this species. The presence of self-pollen at various levels throughout the pistil is one type of limitation, as it may be deposited from the same or adjacent inflorescences on the same plant. It is clear that preanthesis, waratah self-pollen is not deposited directly over the stigma, and this somewhat lessens the chances of self-pollination. Waratah pollen is viable for a relatively long period, allowing cross-pollination, although cross-pollen limitation can occur in wild populations. Goldingay (2000) found that hand cross-pollination, after removal of self-pollen in field waratahs open to pollinators, increased the number of fruits initiating and maturing four to five fold when compared with flowers that did not have selfpollen removed and were also subject to natural pollination. There is no evidence to discount the theory that pollen limitation is a contributing factor in low fruit set in natural populations of T. speciosissima from this study or others (Whelan and Goldingay 1989; Goldingay and Whelan 1993; Goldingay 2000) , but there is evidence that its influence is less than originally contended (Goldingay 2000) . Although supplementation can enhance fruit set in many Proteaceae species including Grevillea (Kalinganire et al. 2001 ), the flower : fruit ratios are still low. By conducting this study under highly controlled conditions, with optimal horticultural care including good nutrition and water, I expected a higher fruit set in controlled cross-pollinated treatments. Fruit set in this study was not greatly enhanced compared with field observations (Whelan and Goldingay 1989; Goldingay and Whelan 1993; Goldingay 2000) , indicating that available resources are not the major cause of low fruit set in this species. Temperature or other Note. The x 2 value for the percentage data showed that for the upper, middle, and ovary areas there was a significant difference between the treatments for this value (P < 0:001), but it was not significant in the stigmatic groove. ns ¼ not significant.
ÃÃÃ P < 0:001.
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environmental factors affecting the process of fertilization and fruit growth may play a role in this phenomenon.
In studies of outcrossing Proteaceae conducted so far, pollen limitation is likely to have been the result of the quality (namely viability) rather than the quantity (Cadzow and Carthew 2000) . Pollen viability of T. speciosissima is reduced by air temperature greater than 28°C (Offord 2001) , and there is evidence that in some species, the ability of pollen to set seed is reduced with age even though it effectively germinates (Smith-Huerta and Vasek 1984). In the current study, fresh pollen no more than 2-d old was used in manual pollinations, thereby decreasing the likelihood of this as a source of limitation to fruit set. Nevertheless, pollen limitation due to poor quality pollen of this species requires further investigation, as it appears likely to be one of a number of contributing factors in low fruit set.
Protandry
Protandry has been tacitly assumed for most Proteaceae species, perhaps because of the highly complex nature of the pollen presentation system and the difficulty in determining the timing of stigma receptivity. There is strong evidence from this study that T. speciosissima is, at most, weakly protandrous and may be described as essentially homogamous as mature pollen and at least partially receptive stigmas are present from perianth opening, a state that has not often been described in Proteaceae (Matthews and Sedgley 1998) . General agreement between the esterase activity, pollentube growth, and SEM observations support this conclusion. In contrast, stigma receptivity, as measured by similar techniques, was clearly shown to begin no earlier than 1 d postanthesis in Macadamia (Sedgley et al. 1985) . When waratah stigmas were pollinated at different times starting with the first day of flower opening, the relative number of germinating pollen tubes observed was of the same order for the first 4 d (tables 1, 2), demonstrating that pollen tube growth was supported at the same level throughout this period. To put this in context, the presence of a few germinating pollen tubes in the stigma of Dryandra quercifolia 1 d after flower opening (43% of the maximum at day 2) was evidence for only weak protandry (Matthews and Sedgley 1998) .
Self-Incompatibility
The findings of concurrent stigma receptivity and viable self-pollen retention in T. speciosissima are in contrast to most of the published studies on the Proteaceae (Goldingay and Carthew 1998) and have important implications for the way that we interpret the study of the breeding system of this species. Self-incompatibility, working at various levels within the waratah flower, may account for a certain proportion of low fruit set due to inefficient removal by pollinators of selfpollen or the transfer of pollen between flowers of the same plant. Self-pollen tubes were observed in all parts of the waratah pistil in this study and in another by Goldingay and Whelan (1993) , indicating that a degree of autogamy may occur. There was some rejection of self-pollen at the level of the stigma and partial inhibition of self-pollen-tube growth mostly in the upper but also in the lower pistil. The presence of pollen tubes within the ovary in a relatively small Note. Treatments: 1. Control-pollen removed manually; 2. Autogamy-self-pollen not removed; 3. Geitonogamy-self-pollen removed, hand pollinated from a flower of the same cultivar; 4. Xenogamy-self-pollen removed, manually cross-pollinated with mixed pollen from the other cultivars. The percentage of flowers in which pollen tubes were observed is in parentheses. The significance of values for pollen-tube data between the pollination treatments are presented in the ANOVA summary. The x 2 value for the percentage data showed that for the upper, middle, and ovary areas there was a significant difference between the treatments for this value (P < 0:001), but it was not significant in the stigmatic groove. df ¼ degrees of freedom, ms ¼ means of squares.
Ã P < 0:05. ÃÃÃ P < 0:001. Table 6 Percentage (6SE) of Telopea speciosissima Fruits Initiated (1 mo after Pollination) or Maturing (6 mo after Pollination) Note. Treatments: 1. Control-pollen removed manually; 2. Autogamy-self-pollen not removed; 3. Geitonogamy-self-pollen removed, hand pollinated from a flower of the same cultivar; 4. Xenogamy-self-pollen removed, manually cross-pollinated with mixed pollen from the other cultivars; 5. Open-left to be pollinated by birds visiting from unbagged flowers in the adjacent cultivar population.
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OFFORD-REPRODUCTIVE BIOLOGY OF TELOPEA SPECIOSISSIMA proportion of self-pollinated pistils, when compared with cross-pollinated pistils, indicates a gametophytic self-incompatibility system (Goldingay and Whelan 1993) . Further evidence for this is that the waratah stigma is the ''wet'' type that secretes fluid when in a receptive state, and this species falls into Group III of the general classification of angiosperm stigma types-wet papillate stigmas-which are often associated with gametophytic self-incompatibility (GSI; Heslop-Harrison and Shivanna 1977) . Following selffertilization, the development of a small proportion of fruit with subsequent abortion well before maturity may indicate postzygotic self-incompatibility (Matthews and Sedgley 1998) . Inspection of ovular development is required to determine more accurately the incidence of fertilization to understand fully the breeding system of a species (Stoddart 1986) and for Telopea and other Proteaceae species in particular to determine the nature of pre-and postzygotic events.
In this study it was difficult to determine whether pollen observed in pollen-tube growth/fertilization studies was selfpollen or not. It is important to consider that in all of these studies (Whelan and Goldingay 1989; Goldingay and Whelan 1993; Goldingay 2000) , a certain amount of self-pollination is likely to be occurring because some self-pollen is present in the stigmatic groove and it may be pushed down further making contact with the stigmatic exudate and tissues. Pollen removal therefore appears to stimulate pollen-tube growth of T. speciosissima be it self-or cross-pollen. A small amount of self-pollen is present in the stigmatic area from perianth opening, but the proportion when compared with that deposited around the stigmatic groove is very small. Nevertheless, even this small amount may be sufficient to grow into the pistil and effectively block the growth of cross pollen that is deposited later. Howell et al. (1993) predict ''stigma clogging'' of self-incompatible species when self-pollen tubes enter the stigma and reduce or completely exclude the growth of compatible (cross) pollen. If self-pollen comes into close contact with the stigma, which is likely following bird visitation, this study shows that this pollen is as likely to germinate as any cross-pollen deposited and is usually only arrested at some point during the passage through the stigma, not at the stigma surface, a characteristic shared with other wet stigma species exhibiting GSI (Heslop-Harrison and Shivanna 1977).
Fruit and Seed Set
In Banksia coccinea, spatial limitation from the size of the fruit and the number that can be accommodated on the infructescence has been observed (Fuss and Sedgley 1991) . These authors estimate a 50% fruit-to-flower ratio should still be possible, but in fact the observed ratio was 13%. Similarly, the reason that fruit set in T. speciosissima is not higher is still not clear. In a study of Banksia menziesii, Clifford and Sedgley (1993) could find no evidence that pistil structure, i.e., pistils that are unable to support pollen-tube growth, could explain this phenomenon. Positional effects may be important however. The work of Goldingay and Whelan (1993) shows andromonoecy and higher levels of fruit abortion can be ruled out as a reason for lower fruit set in the lower flowers in T. speciosissima and they conclude that pollinators were more active in the upper part of the inflorescence at the appropriate stage of maturity. Fruit-set patterns in Proteaceae do not appear to be genetically determined and can be changed by manual cross-pollination of different parts of the inflorescence (Whelan and Goldingay 1986; Copland and Whelan 1989; Clifford and Sedgley 1993; Vaughton 1993) . It is likely that fruit-set patterns in open-pollinated situations are due mostly to pollinator behavior. To test this further, controlled crosses are required over the whole inflorescence using material from known sources under conditions such as those used in this study.
As the waratah has ca. 20 ovules per fruit (Whelan and Goldingay 1989) , only this number of self-pollen tubes reaching the ovary and effecting early fertilization is enough to render the fruit sterile. Additionally, Matthews et al. (1999) suggest that in some Proteaceae species the narrowness of the lower style may restrict its ability to permit the growth of pollen tubes to the ovary. This appears to occur in T. speciosissima, as indicated by the pollen-tube data in which the cross-and self-pollen-tube numbers in the ovary are similarly small compared with the number entering the upper style. A threshold number of viable seeds is required for a waratah fruit to mature (Goldingay and Carthew 1998) . In a companion study (Offord 2001) this number was found to be ca. eight viable seeds per fruit following either manual or natural cross-pollination. It is not clear at present whether the other ovules are pollinated, or if so, whether they are nonviable due to preemptive self-pollination, resource allocation within the fruit, or physical restriction on the number of seeds that can be carried within the fruit. A systematic study is required to further investigate the role of autogamy in waratah seed and fruit set. Emasculation prior to anthesis would be the first step to eliminating self-pollen preemption as a cause of low seed and fruit set. For example, in Blanfordia grandiflora, Ramsey et al. (1993) conducted a ''pollen chase'' experiment to examine pollen-tube growth and fruit set in emasculated flowers pollinated first with self-pollen, followed 24 h or longer with cross-pollen.
Conclusion
There is potential for a degree of self-pollination in this species, which may in part account for the fact that even in fruit that reach maturity, there is a proportion of seeds that are not filled. Whether this is a function of autogamy, selective abortion, or localized nutrient limitation is still a matter for conjecture and requires further attention.
